Introduction
============

The ribosome is macromolecular machinery that is responsible for protein synthesis.^[@bib1]^ However, several ribosomal proteins have been found to have extra-ribosomal functions, including stress response,^[@bib2],\ [@bib3]^ the induction of apoptosis^[@bib4]^ and repairing both mitochondrial and nuclear DNA damage.^[@bib5],\ [@bib6]^ For example, it has been reported that RPS3 has endonuclease activity toward several damaged sites that are involved in apoptosis.^[@bib7],\ [@bib8],\ [@bib9],\ [@bib10]^ *Drosophila* rpS3 also has DNA deoxyribophosphodiesterase activity^[@bib11]^ and DNA glycosylase activity,^[@bib12]^ in addition to processing repair activities on 8-oxoguanine and AP sites.^[@bib13]^ Both bacterial and human RPS3 are part of the basic downstream tunnel that leads to mRNA.^[@bib14]^ The structure formed by proteins RPS3, RPS4, and RPS5 has a role in helicase processivity.^[@bib15]^ It has been reported that human RPS3 can act as a special component in NF-κB complexes and regulates selective gene expression.^[@bib16]^ Therefore, the RPS3 protein seems to be capable of residing outside the ribosome and shuttles between the cytoplasm and nucleus, functioning in both the ribosome complex and the nucleus.

Post-translational modification by ubiquitin and ubiquitin-like proteins has been revealed to be a means to modulate the stability, localization, or function of target proteins.^[@bib17],\ [@bib18]^ Previous studies have shown that ribosome function is regulated by the post-translational modification (such as phosphorylation, sumoylation, neddylation, and ubiquitination) of several ribosomal proteins.^[@bib19],\ [@bib20]^ For example, upon viral infection, ribosomal proteins such as RPS6, RPS2, and RPL30 are phosphorylated.^[@bib21]^ The RPS3 is also a target of post-translational modification in the ribosome. The yeast Rps3p is phosphorylated by Hrr25p protein kinase, and this modification appears to play an essential role in ribosome maturation.^[@bib22],\ [@bib23],\ [@bib24]^ Moreover, the ubiquitination of several 40S ribosomal proteins (RPS2, RPS3, and RPS20) regulates ribosome-associated quality control (RQC) that induces and degrades the poly-ubiquitination of partially synthesized polypeptides.^[@bib25]^

RQC is responsible for the maintenance of cellular protein homeostasis.^[@bib26],\ [@bib27]^ The RQC pathway has been known to be implemented when the interruption of translational elongation stalls ribosomes. Three stages have been unraveled in the process of RQC. First, the GTP-Hbs1p-Dom34p/PELOTA complex must use an uncharacterized mechanism to discriminate between a stalling ribosome and a pausing ribosome. Second, Hbs1p hydrolyzes GTP, and Dom34p/PELOTA is consequently accommodated in the ribosomal A site, resulting in the recruitment of Rli1p/ABCE1. Finally, a stalled ribosome complex will split into two subunits: the 40S small subunit and the 60S large subunit. While mRNA surveillance mechanisms such as no-go decay degrades the corresponding mRNA on the 40S subunit, Ltn1p/LISTERIN and Rqc2p/NEMF will facilitate the ubiquitination of partially synthesized polypeptides that are tethered on the 60S large subunit.^[@bib28],\ [@bib29]^ Subsequently, the poly-ubiquitinated polypeptide is transferred to the proteasome by the Rqc1p/TCF25 and Cdc48p complex. In addition to the abovementioned RQC factors, Asc1p/RACK1 and Hel2p/RNF123 have been recently reported to be involved in the early stage of RQC pathway.^[@bib30]^

Materials and methods
=====================

Yeast strains and culture condition
-----------------------------------

All *Saccharomyces cerevisiae* strains and plasmid constructs used in this study are listed in [Table 1](#tbl1){ref-type="table"}. The yeast cells were grown in yeast extract-peptone-dextrose (YPD) medium (1% yeast extract, 2% peptone and 2% dextrose) and a synthetic complement medium (2% glucose, 0.67% yeast nitrogen base w/o amino acids (BD Pharmingen, Franklin Lakes, NJ, USA)), and with 15 or fewer proper amino acids). The cells were grown to early log phase in each media and were treated with each drug for 1 h. For ultraviolet (UV) irradiation, BY4741 cells were grown at 30 °C in YPD medium to early log phase, washed once with sterile distilled water, and resuspended in 2 ml of cold 2% glucose on a plate. The UV radiation was delivered using a CL-1000 UV Crosslinker set at 254 nm. The cells were irradiated with 200 J m^−2^ and then added to one-tenth volume of a stock solution containing 10% yeast extract and 20% peptone, followed by incubation in the dark at 30 °C for 1 h.

Antibodies and reagents
-----------------------

Antibodies against Pgk1p, ubiquitin, and HA were obtained from Santa Cruz Biotechnology (Dallas, TX, USA). The antibody against FLAG was purchased from Cell Signaling Technology (Danvers, MA, USA). The antibody against eIF2α\~p was purchased from Abcam (Cambridge, MA, USA). Anti-Rps3p, anti-RPS3, anti-monoubiquitinated Rps3p antibodies and Rps3 siRNAs were obtained from HAEL Lab (seoul, Korea). Horseradish peroxidase (HRP) -conjugated goat anti-rabbit and goat anti-mouse secondary antibodies were purchased from Jackson ImmunoResearch (West Grove, PA, USA). Rapamycin, emetine, cycloheximide, and 3-AT were purchased from Sigma-Aldrich (St Louis, MO, USA). Blasticidin S, anisomycin, and hygromycin B were purchased from Merck (Darmstadt, Germany).

Western blot and immunoprecipitation
------------------------------------

The harvested yeast cells were washed with PBS and lysed on ice in TAP lysis buffer (10 m[M]{.smallcaps} Tris-Cl pH 8.0, 150 m[M]{.smallcaps} NaCl, and 0.1% NP-40) that contained protease inhibitors (1 m[M]{.smallcaps} PMSF, 1 m[M]{.smallcaps} Aprotinin, 5 m[M]{.smallcaps} Leupeptin, and 1 m[M]{.smallcaps} Pepstatin A). Glass beads were then added, and the mixture was vortexed four times with a bead beater (MP Biomedicals, Santa Ana, CA, USA) for 1 min. Cell lysates were obtained after centrifugation at 10,000 *g* for 5 min. Equal amounts of lysates were subjected to western blotting with each antibody. For co-immunoprecipitation, 1.2 mg of protein lysate was mixed with 2.5 μg of Rps3p antibodies on a rotator at 4 °C overnight. Subsequently, 20 μl of protein A-agarose (Roche, Basel, Switzerland) was added and the solution was incubated on a rotator at 4 °C for 4 h. The immunoprecipitants were resolved on 10% SDS--polyacrylamide gel electrophoresis for western blotting.

Yeast transformation
--------------------

Overnight-cultured yeast cells that were grown at 30 °C in YPD were reseeded into 20 ml of fresh YPD medium at OD~600~=0.2 and incubated at 30 °C for 4 h (until the OD~600~ reached 0.8--1.0). The cells were harvested by centrifugation at 13,000 r.p.m. for 5 min and then washed twice. The first washing buffer was 1 × TE (10 m[M]{.smallcaps} Tris-Cl and 1 m[M]{.smallcaps} EDTA). The second washing buffer was 0.1 [M]{.smallcaps} LiAc in 1 × TE. The cells were resuspended in 400 μl 0.1 [M]{.smallcaps} LiAc/1 × TE, and 100 μl of the resuspended cells were used for each transformation. Then, 350 μl 40% PEG/0.1 [M]{.smallcaps} LiAc/1 × TE was added to each transformation, followed by the addition of 5 μl of 10 mg ml^−1^ carrier DNA (boiled for 15 min and cooled directly on ice) and the DNA to be transformed. The solution was well mixed by vortexing. The mixture was then incubated at 30 °C for 30 min and mixed with 45 μl dimethylsulphoxide. This mixture was then heat-shocked for 15 min at 42 °C and cooled on ice for 3 min. The cells were pelleted by spin-down, and the supernatant was discarded. These cells were then resuspended in 100 μl 1 × TE, spread onto appropriate SC drop-out medium plates and incubated at 30 °C for at least 2 days.

Ribosome pelleting
------------------

Cultured yeast cells were harvested by centrifugation at 13,000 r.p.m. for 5 min. The harvested yeast cells were washed with PBS and lysed on ice in 1 ml of modified TAP lysis buffer (10 m[M]{.smallcaps} Tris-Cl pH 8.0, 150 m[M]{.smallcaps} NaCl, 0.1% NP-40, 30 m[M]{.smallcaps} MgCl~2~, 50 μg ml^−1^ cycloheximide, 40 units per ml rRNasin and 1.5 m[M]{.smallcaps} dithiothreitol) that contained protease inhibitors (1 m[M]{.smallcaps} PMSF, 1 m[M]{.smallcaps} Aprotinin, 5 m[M]{.smallcaps} Leupeptin, and 1 m[M]{.smallcaps} Pepstatin A). The cells were added to glass beads, and the mixture was vortexed four times with a bead beater for 1 min. The cell lysates were obtained after centrifugation at 10,000 *g* for 10 min. Lysate (2 mg) was added to 11 ml of 30% sucrose that contained 50 m[M]{.smallcaps} Tris-acetate, pH 7.0, 50 m[M]{.smallcaps} NH~4~Cl, and 12 m[M]{.smallcaps} MgCl~2~, followed by centrifugation (SW41Ti of Beckman) at 32,000 r.p.m. for 210 min at 4 °C. The resulting pellet was resuspended and subjected to 10% SDS--polyacrylamide gel electrophoresis for western blotting.

*In vitro* ubiquitination and deubiquitination assays
-----------------------------------------------------

Five hundred nanograms of human ubiquitin-activating enzyme E1 (Enzo), 250 ng of UBCH5b (Enzo), 3 μg of His~6~-Hel2p, 2 μg of His~6~-Rps3p, 3 μg of His~6~-Ubp3p, and 1.5 μg of His~6~-ubiquitin were added to a 50 μl reaction containing 50 m[M]{.smallcaps} Tris-HCl (pH 7.5), 150 m[M]{.smallcaps} NaCl, 2 m[M]{.smallcaps} MgCl~2~, 1 m[M]{.smallcaps} dithiothreitol, and 5 m[M]{.smallcaps} ATP. The reaction mixture was incubated at 30 °C overnight. The reaction was stopped by adding 50 μl of 2 × SB. The proteins were subjected to immunoblotting using anti-Rps3p.

Spotting assay
--------------

Approximately 2 × 10^7^ of cultured yeast cells (OD~600~=1.00) were harvested by centrifugation at 13,000 r.p.m. for 5 min. The harvested cells were spotted onto YPD plates after a series of 10-fold dilutions, followed by their incubation at 30 °C for 2 days.

Results
=======

Mono-ubiquitination of the K212 residue on Rps3p is increased when protein synthesis is stopped by either translation inhibition or Tor kinase inhibition
---------------------------------------------------------------------------------------------------------------------------------------------------------

Higgins *et al.*^[@bib25]^ have previously demonstrated that the mono-ubiquitination of mammalian RPS3 is induced by translational inhibitors. Therefore, we further explored whether some stresses could induce the mono-ubiquitination of yeast Rps3p. In line with the previous study, treatments with translation-inhibiting drugs such as cycloheximide, emetine, blasticidin S, and anisomycin induced mono-ubiquitination of Rps3p ([Figure 1a](#fig1){ref-type="fig"}). The high doses of UVC irradiation (200 J m^−2^) that could evoke ribotoxic stress and inhibit peptidyltransferase activity^[@bib31]^ also induced the mono-ubiquitination of Rps3p. Interestingly, rapamycin treatment and amino acid depletion conditions (such as tryptophan depletion, histidine depletion, amino acid N-source starvation, and treatment with 3-aminotriazole (3-AT)) also resulted in the mono-ubiquitination of Rps3p ([Figure 1b](#fig1){ref-type="fig"}). 3-AT is a competitive inhibitor of HIS3 that catalyzes histidine biosynthesis, while rapamycin is an inhibitor of Tor kinase. In contrast, nutrient-rich conditions (10-fold amino acid) did not induce the mono-ubiquitination of Rps3p. Thus, we concluded that Tor kinase inhibition and elongation inhibition could induce the mono-ubiquitination of Rps3p.

In mammalian cells, mass spectrometry analysis identified that lysine 214 at RPS3 was a major mono-ubiquitination site under UV irradiation ([Supplementary Fig. S1A](#sup1){ref-type="supplementary-material"}). Immunoprecipitation using the anti-RPS3 antibody, followed by western blotting with an anti-ubiquitin antibody, confirmed this modification ([Supplementary Fig. S1B](#sup1){ref-type="supplementary-material"}). To test whether the mono-ubiquitination residue of Rps3p was at lysine 212 (its corresponding residue is lysine 214 in human RPS3), we generated a non-ubiquitable Rps3p mutant whose lysine 212 residue was substituted with an arginine from its endogenous locus. Different from the wild-type Rps3p, the Rps3p^K212R^ mutant failed to become mono-ubiquitinated under UV irradiation ([Figure 1c](#fig1){ref-type="fig"}). In the absence of UV irradiation, the Rps3p^K212R^ mutant was efficiently assembled in the ribosome complex, similar to the wild type ([Figure 1d](#fig1){ref-type="fig"}, upper panel). Wild-type Rps3p mono-ubiquitination was detected mostly in monosomes, not in the free subunit ([Figure 1d](#fig1){ref-type="fig"}, lower panel). No significant difference in the protein expression level between the wild type and the Rps3p^K212R^ mutant after treatment with cycloheximide was found, indicating protein stability ([Supplementary Fig. S2](#sup1){ref-type="supplementary-material"}). Collectively, these results suggest that the mono-ubiquitination of the lysine 212 residue in yeast Rps3p can be increased by inhibiting Tor kinase or inhibiting translation elongation.

Hel2p is an E3 ligase of ribosomal protein S3
---------------------------------------------

In yeasts, ubiquitin conjugation is catalyzed by an E1 activating enzyme, 11 E2 conjugating enzymes, and 60\~100 substrate-specific E3 ligases.^[@bib32]^ To identify the specific E3 ubiquitin ligase that is involved in the mono-ubiquitination of Rps3p, we performed western blotting analyses for non-essential E3 ligase gene deletion strains under the conditions of rapamycin treatment ([Supplementary Fig. S3](#sup1){ref-type="supplementary-material"}). The E3 ligases depicted in [Supplementary Fig. S3](#sup1){ref-type="supplementary-material"} are localized at the ribosome and the ER. They are involved in protein quality control and amino acid sensing. The level of Rps3p mono-ubiquitination significantly decreased only in the *hel2*Δ strain ([Supplementary Fig. S3F](#sup1){ref-type="supplementary-material"} and [Figure 2a](#fig2){ref-type="fig"}). In addition, a decrement in the Rps3p mono-ubiquitination was not observed, even in strains in which the ribosome-associated E3 ligases such as Rkr1p and Not4p ([Supplementary Figures S3F and H](#sup1){ref-type="supplementary-material"}) were deleted. Moreover, we expressed a catalytically inactive Hel2p mutant (Hel2^C79A,\ H81A,\ C87A^) by mutating residues in its RING domain in the *hel2*Δ strain^[@bib33]^ to further corroborate its function as an E3 ligase in Rps3p mono-ubiquitination. We found that the knockout of Hel2p was directly responsible for Rps3p mono-ubiquitination *in vivo* because the expression of FLAG-Hel2p was restored using a GAL promoter ([Figure 2b](#fig2){ref-type="fig"}, lanes 3 and 4). We also found that the Hel2p overexpression was enough to induce Rps3p mono-ubiquitination without UV irradiation. Moreover, the Hel2p mutant could not efficiently ubiquitinate Rps3p, unlike the Hel2p wild type ([Figure 2b](#fig2){ref-type="fig"}, lane 5 and 6). To determine whether the Hel2p was associated with the ribosome complex that contained Rps3p or Rps3p^K212R^, we generated strains by reintroducing FLAG-Hel2p and its promoter into the *hel2*Δ strains that express Rps3p or Rps3p^K212R^. After subsequent ribosome pelleting, we found that the association of Hel2p in the ribosome complex was increased under UV irradiation with Rps3p, but not with Rps3p^K212R^ ([Figure 2c](#fig2){ref-type="fig"}). These findings suggest that the mono-ubiquitination of Rps3p is catalyzed by Hel2p, which is a ribosome-associated E3 ligase.

Ubp3p is a deubiquitination enzyme of ribosomal protein S3
----------------------------------------------------------

Previous studies have shown that Ubp3p, an ubiquitin protease, can deubiquitinate the ubiquitination of Rpl25p, resulting in the selective degradation of the 60S ribosomal large subunit.^[@bib34]^ If Ubp3p behaves as a specific ubiquitin protease for Rps3p mono-ubiquitination, the deletion of Ubp3p might affect the ubiquitination of Rps3p. To test this possibility, we performed an immunoblot analysis for the *ubp3*Δ strain. As shown in [Figure 3a](#fig3){ref-type="fig"}, with or without UV irradiation, the level of Rps3p mono-ubiquitination in the *ubp3*Δ strain was strikingly elevated compared to that of the wild type. On the other hand, Rps3p mono-ubiquitination was not increased under UV stress in the His~6~-Ubp3p-overexpressing BY4741 strain compared to that in the His~6~-overexpressing BY4741 strain ([Figure 3b](#fig3){ref-type="fig"}, lane 4). To confirm whether the function of Ubp3p required its catalytic activity under UV stress, we created a point mutant whose Cys469 and His861 were substituted with Ala to abolish its catalytic activity.^[@bib35]^ Compared to the His~6~-Ubp3p-overexpressing strain, the level of Rps3p mono-ubiquitination induced by UV irradiation was restored in the Ubp3p mutant (Ubp3^C469A,\ H861A^) ([Figure 3b](#fig3){ref-type="fig"}, lane 6). Next, we attempted to clarify whether the Rps3p or Rps3p^K212R^ in the ribosome complex might affect the association of Ubp3p. After reintroducing Ubp3p-HA and its promoter into the *ubp3Δ* strains that express Rps3p or Rps3p^K212R^, ribosome pelleting was performed. We found that the association of Ubp3p in the ribosome complex was not changed in the two strains, regardless of the presence of UV irradiation ([Figure 3c](#fig3){ref-type="fig"}, right panel). Additionally, we showed that the ubiquitination of Rps3p^K212R^ was not caused by UV stress in the *ubp3*Δ strain ([Figure 3d](#fig3){ref-type="fig"}). Therefore, the association of Ubp3p with the ribosome complex appears to maintain a steady-state level irrespective of UV irradiation or the presence of a non-ubiquitinable mutation in Rps3p. Collectively, these results indicate that the mono-ubiquitination of Rps3p can be deubiquitinated by Ubp3p, a ribosome-associated deubiquitination enzyme.

Ubiquitination of Rps3p is regulated by Hel2p and Ubp3p *in vitro*
------------------------------------------------------------------

Having determined that Hel2p and Ubp3p regulated the status of Rps3p mono-ubiquitination *in vivo*, we next tested whether they could also modulate the mono-ubiquitination of Rps3p *in vitro*. First, to find an adequate E2 conjugating enzyme, we performed an *in vitro* Rps3p ubiquitination assay with various recombinant human E2 conjugating enzymes. Among these E2 enzymes, UBCH5a, UBCH5b, and UBCH5c facilitated the mono-ubiquitination of Rps3p *in vitro* ([Figure 4a](#fig4){ref-type="fig"}). With another ubiquitin-conjugating enzyme, UBCH6, the mono-ubiquitination of Rps3p appeared to result in a different molecular weight. It is well-known that E2 conjugating enzymes (including UBCH5a, UBCH5b, UBCH5c, and UBCH6) are homologous to yeast Ubc4/5p.^[@bib36]^ With the recent finding that Hel2p interacts with Ubc4p but not Ubc5p,^[@bib33]^ we next examined the role of Ubc4p in the mono-ubiquitination of Rps3p. As shown in [Figure 4b](#fig4){ref-type="fig"}, the immunoblot analysis of the *ubc4Δ* strains showed that the mono-ubiquitination of Rsp3p disappeared after UV irradiation, suggesting that Ubc4p is a bona fide E2 conjugating enzyme for the mono-ubiquitination of Rps3p. In contrast, the decrease of Rps3p mono-ubiquitination did not occur in the UV-irradiated *ubc5Δ* strain ([Supplementary Fig. S3E](#sup1){ref-type="supplementary-material"}, lane 10). We also performed an *in vitro* deubiquitination assay on the mono-ubiquitinated Rps3p using recombinant E1, E2, ubiquitin, and Rps3p in combination with Hel2p and Ubp3p. As expected, the level of Rps3p mono-ubiquitination noticeably increased with the addition of the recombinant Hel2p (lane 2, [Figure 4c](#fig4){ref-type="fig"}). However, this level decreased with the addition of recombinant Ubp3p (lane 3, [Figure 4c](#fig4){ref-type="fig"}). These data collectively indicate that the mono-ubiquitination of Rps3p can be modulated by Ubc4p, Hel2p, and Ubp3p both *in vivo* and *in vitro*.

Rsp3p mono-ubiquitination induced by rapamycin is mediated by the entrance of Ubp3p into the autophagosome
----------------------------------------------------------------------------------------------------------

As mentioned above, we found that Tor kinase inhibition could also induce Rps3p mono-ubiquitination in yeasts. However, the inhibition of Tor kinase by rapamycin treatment and nutrient starvation only affects translation initiation, not translation elongation. We found that RPS3 mono-ubiquitination was not induced in mammalian cells by the inhibition of translation initiation such as that caused by treatment with rapamycin ([Supplementary Fig. S4A](#sup1){ref-type="supplementary-material"}) or NSC119889 ([Supplementary Fig. S4B](#sup1){ref-type="supplementary-material"}). Such discrepancies between yeasts and humans led us to question how the Rps3p mono-ubiquitination/de-ubiquitination is modulated under Tor inhibition conditions in yeasts. It has been previously reported that Ubp3p is responsible for the deubiquitination of the mono-ubiquitinated Rpl25p in the 60S large ribosomal subunit, resulting in the progression of ribophagy.^[@bib34]^ Therefore, we speculated that the Rps3p mono-ubiquitination that was induced by rapamycin might be elicited by the entrance of Ubp3p into the autophagosome, resulting in the depletion of Ubp3p. To address this possibility, we first checked the levels of Rps3p mono-ubiquitination in the Ubp3p- and Bre5p-deleted strains. Ubp3p catalyzes deubiquitination, while Bre5p is a Ubp3-associated cofactor.^[@bib37]^ In the *ubp3Δ* ([Figure 5a](#fig5){ref-type="fig"}) and *bre5Δ* ([Figure 5b](#fig5){ref-type="fig"}) strains, Rps3p mono-ubiquitination was significantly maintained until 24 h after rapamycin treatment, while it was significantly maintained for 3 h in BY4741 wild-type cells. To inhibit the formation of autophagic membranes, we generated two different deletion strains: *atg7Δ* and *atg8Δ*. Atg7p is an E1 enzyme that can activate ubiquitin in a similar manner to Atg8p to form autophagosome membranes.^[@bib38]^ As expected, in *atg8Δ* ([Figure 5c](#fig5){ref-type="fig"}) and *atg7Δ* ([Figure 5d](#fig5){ref-type="fig"}) strains, the levels of Rps3p mono-ubiquitination after the rapamycin treatment were less than or similar to those of the BY4741 wild-type cells. Additionally, the *ufd3Δ* stains showed the disappearance of the Rps3p mono-ubiquitination that was induced by rapamycin ([Supplementary Fig. S5](#sup1){ref-type="supplementary-material"}). Because Ufd3p is a positive regulator of Ubp3p-Bre5p mediated ribophagy,^[@bib39]^ the deletion of Ufd3p blocks the entrance of the Ubp3p-Bre5p complex into the autophagosome. To strengthen this hypothesis, we investigated the associations in the ribosome complex of Ubp3p by immunoprecipitating it with the Rps3p antibody under the conditions of rapamycin treatment. The Ubp3p association was dramatically decreased after rapamycin treatment ([Figure 5e](#fig5){ref-type="fig"}). More interestingly, the Ubp3p association with the ribosome was not changed by UV irradiation. Thus, we suggested that the Rps3p mono-ubiquitination induced by rapamycin is due to the entrance of Ubp3p into the autophagosome.

Human RPS3 mono-ubiquitination is regulated by both RNF123 and USP10
--------------------------------------------------------------------

Next, we wondered whether the above observation might also be applicable to human cells. RPS3 mono-ubiquitination was induced by various translation elongation inhibitors, including UV irradiation ([Figure 6a](#fig6){ref-type="fig"}), but not genotoxic stress ([Supplementary Fig. S6](#sup1){ref-type="supplementary-material"}). UV irradiation is a ribotoxic stressor that can induce the cleavage of the 28S rRNA and inhibit peptidyltransferase activity, which results in the inhibition of translation elongation. The levels of RPS3 mono-ubiquitination peaked 1 to 4 h after UV-irradiation and then gradually decreased ([Supplementary Fig. S7A](#sup1){ref-type="supplementary-material"}). Since modified RPS3 was present in the cytoplasm ([Supplementary Fig. S7B](#sup1){ref-type="supplementary-material"}), we separated the free ribosomal proteins from the monosomes and polysomes in UV-irradiated cells by ultracentrifugation. The mono-ubiquitinated RPS3 was detected mostly in the monosomes, but not in the free subunit ([Supplementary Fig. S7C](#sup1){ref-type="supplementary-material"}). Furthermore, the mono-ubiquitination of RPS3 was independent of p53 ([Supplementary Fig. S7D](#sup1){ref-type="supplementary-material"}). In previous literature, although several specific lysine residues---K90, K214, K227, and K230---were reported to be mono-ubiquitination sites of human RPS3,^[@bib25]^ we confirmed here that the K214 residue was a major mono-ubiquitination site of RPS3 ([Figure 6b](#fig6){ref-type="fig"} and [Supplementary Fig. S8](#sup1){ref-type="supplementary-material"}). Next, the knockdown of RNF123, a functional homolog of yeast Hel2p,^[@bib33]^ repressed the RPS3 mono-ubiquitination that was induced by UV irradiation ([Figure 6c](#fig6){ref-type="fig"}). Even though the depletion of USP10, a homolog of yeast Ubp3p, did not result in increases in RPS3 mono-ubiquitination ([Figure 6d](#fig6){ref-type="fig"}), we observed increases in the di-ubiquitination of RPS3, suggesting multi-ubiquitination.^[@bib25]^ Subsequently, to further extend our findings, we performed ribosomal pelleting experiments in UV-irradiated cells. As shown in [Figure 6e](#fig6){ref-type="fig"}, the association of RNF123 and USP10 with the ribosome complex was increased at early times after UV irradiation. Meanwhile, we could not show the increase in either RNF123 or USP10 in the non-ubiquitable RPS3^K214R^-expressing ribosome ([Figure 6f](#fig6){ref-type="fig"}). Therefore, we conclude that human RPS3 mono-ubiquitination is regulated by both RNF123 and USP10.

Mono-ubiquitination of Rps3p is responsible for cell viability and apoptosis
----------------------------------------------------------------------------

Thus far, we found that Rps3p mono-ubiquitination was modulated by a reciprocal action of the E3 ligase Hel2p/RNF123 and deubiquitinase Ubp3p/USP10. In yeasts, to determine whether the Rps3p mono-ubiquitination might have an important role in stress response, we generated a mutant strain whose non-ubiquitable *RPS3* gene, which has an arginine substituted for lysine 212, was integrated into its own endogenous locus. When each transformed cell was plated on YPD plates after treatment with or without UV irradiation, the non-ubiquitable Rps3p^K212R^ strain appeared to be more sensitive to UV irradiation than the Rps3p strains were ([Figure 7a](#fig7){ref-type="fig"}).

According to a previous report, the mono-ubiquitination on the 40S small ribosomal subunit is responsible for the RQC in human cells.^[@bib25]^ To confirm whether the non-ubiquitable RPS3^K214R^ might affect the poly-ubiquitination of nascent polypeptides on the ribosome complex, we performed a series of experiments. First, to maximize the expression of exogenous FLAG-RPS3 and FLAG-RPS3^K214R^, an RPS3 3′-untranslated region targeting siRNA was transfected into each stable cell line. Then, each S^35^-Met-labeled cell lysate was subjected to ribosome pelleting, followed by immunoprecipitation with an anti-ubiquitin antibody. Consistent with a previous report,^[@bib25]^ we confirmed that the poly-ubiquitination of the nascent polypeptide in RPS3^K214R^-expressing cells was increased more than in the wild-type RPS3-expressing cells (comparing lanes 9 and 11 (2.3-fold) and 10 and 12 (sixfold), [Figure 7b](#fig7){ref-type="fig"}). Because of PARP-1 cleavage, the RPS3^K214R^-expressing cells also showed more sensitivity to UV irradiation than the wild type did ([Figure 7c](#fig7){ref-type="fig"}). These results suggest that Rps3p mono-ubiquitination modulates cell viability and apoptosis through RQC.

Discussion
==========

The ubiquitination of ribosomal proteins has been known to be able to regulate ribosome quality control. Many researchers are now trying to determine whether some E3 ligases and deubiquitinases are involved in the process, responding to translational stresses that cause ribosome stalling. The ribosome-associated E3 ligases have recently been demonstrated to have two different functions in the RQC pathway. Two ribosome-associated E3 ligases, Not4p and Ltn1p, have been identified to be involved in the ubiquitin-proteasome degradation pathway of partially synthesized polypeptides that are stuck on the stalled ribosome.^[@bib40]^ Another ribosome-associated E3 ligase, Hel2p, seems to be recruited to the stalled ribosomes before the 80S monosome splits and contributes to ribosome stalling.^[@bib30],\ [@bib41]^ Although it has been recently reported that Hel2p is a no-go type of stalled translation surveillance,^[@bib42]^ the detailed mechanism of Hel2p functioning in the RQC pathway has remained elusive. Surprisingly, we found that the mono-ubiquitination of Rps3p that is induced by translation elongation inhibitors was not increased in the *hel2Δ* strain. Additionally, in the *HEL2* gene knockout experiment, UV-induced Rps3p mono-ubiquitination did not completely disappear in response to stress conditions. Thus, we cannot completely rule out the possibility of the involvement of additional E3 ligase(s) in the regulation of Rps3p mono-ubiquitination. Interestingly, the Rps3p mono-ubiquitination induced by rapamycin completely disappeared in an *ASC1* deletion strain ([Supplementary Fig. S9A](#sup1){ref-type="supplementary-material"}). In human cells, the depletion of RACK1 also appeared to inhibit the UV-induced RPS3 mono-ubiquitination ([Supplementary Fig. S9B](#sup1){ref-type="supplementary-material"}). Asc1p, a scaffold protein in the ribosome complex, has been recently known to genetically and physically interact with many E3 ligases such as Mms22p,^[@bib43]^ Prp19p,^[@bib44]^ San1p,^[@bib45]^ Cdc4p,^[@bib46]^ Rad18p,^[@bib46]^ and Hel2p. Among these ligases, Hel2p seems to play an early role in the RQC pathway with Asc1p.^[@bib30],\ [@bib41],\ [@bib47]^ Hence, further studies are needed to test whether the Asc1p-associated E3 ligase has an additional role in Rps3p mono-ubiquitination.

Ubp3p, a yeast ortholog of mammalian USP10, has been demonstrated to be a deubiquitinase for the mono-ubiquitinated Rpl25p that regulates the selective autophagy of the 60S large subunit.^[@bib37]^ In addition, Ubp3p forms a complex with the cofactor Bre5p to effectively deubiquitinate target proteins.^[@bib39]^ Interestingly, Ubp3p has been reported to localize in both monosomes and polysomes.^[@bib48]^ We wondered whether the mono-ubiquitinated Rps3p in the ribosome might act as a substrate for Ubp3p. Consistent with this expectation, the results of this study demonstrated that Ubp3p was a specific deubiquitinase for the mono-ubiquitinated Rps3p.

In this study, we found that rapamycin treatment had different effects on yeast and human cells in terms of the induction of Rps3p mono-ubiquitination. A recent study identified the ribophagy of the 60S large subunit in yeast under nitrogen starvation and suggested a model in which the Ubp3p-Bre5p complex has a key role in ribophagy by deubiquitinating the mono-ubiquitinated Rpl25p.^[@bib39]^ On the basis of these findings, we propose that rapamycin treatment that promotes ribophagy might be able to sequester the Ubp3p-Bre5p complex in the 60S large ribosomal subunit far away from the 40S small ribosomal subunit. In other words, the detachment of Ubp3p from the ribosome complex might upset the balance of two proteins---the E3 ligase Hel2p and the deubiquitinase Ubp3p---that are responsible for the normal status of Rps3p mono-ubiquitination. Several lines of evidence presented in this study support this possibility. We first showed that rapamycin-induced Rps3p mono-ubiquitination was sustained for a long time in both *ubp3Δ* and *bre5Δ* strains compared to that in the wild-type strain. The deletion stain of *UFD3*, an interactor of Ubp3p and a positive regulator of ribophagy, could not induce Rps3p mono-ubiquitination under rapamycin treatment. In contrast, the rapamycin-induced Rps3p mono-ubiquitination was not increased in the *atg7Δ* or *atg8Δ* deletion strains, raising the possibility that the formation of autophagosome membranes could be negatively involved in rapamycin-induced Rps3p mono-ubiquitination. Therefore, it is suggested that the Rps3p mono-ubiquitination might cooperate with Ubp3p in the induction of ribophagy and the selective autophagy of 60S large ribosomal subunits.

Generally, temporary stalling of the ribosome complex often occurs during the translational elongation step under physiological conditions and may be caused by the presence of rare codons, mRNA secondary structures, and waiting for the appearance at the ribosomal exit channel of domains that are required for protein folding.^[@bib27]^ There might exist a temporary and a quick rescue mechanism. In contrast, the severe ribosome stalling that is generated by translational inhibitors can activate the RQC pathway, mediating the poly-ubiquitination and degradation of ribosome-tethered nascent polypeptides. According to our results ([Figure 7](#fig7){ref-type="fig"}) and those of previous studies,^[@bib25]^ the non-ubiquitable RPS3 mutant might induce an aberrant RQC, such as the non-removal of a defective nascent polypeptide, resulting in an increase in apoptosis. Considering the physiological significance of Rps3p mono-ubiquitination, we suggest here that Rps3p mono-ubiquitination, under normal conditions, maintains a basal level to monitor the reciprocal action between the E3 ligase Hel2p and the deubiquitinase Ubp3p. In line with this suggestion, we showed that both Hel2p ([Figure 2c](#fig2){ref-type="fig"}, right) and Ubp3p ([Figure 3c](#fig3){ref-type="fig"}, right) proteins existed at basal levels in the ribosome complex. In addition, we found that the deletion of Ubp3p induced Rps3p mono-ubiquitination without UV irradiation ([Figure 3a](#fig3){ref-type="fig"}, lane 3).

Therefore, we conclude that Rps3p mono-ubiquitination is involved in both proteasome-mediated degradation of aberrant nascent polypeptides in the RQC process and Ubp3p-dependent ribophagy that is regulated by the E3 ligase Hel2p/RNF123 and the deubiquitinase Ubp3p/USP10.
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![Ubiquitination of K212 on Rps3p is increased by starvation and translation inhibition. Each sample was harvested and lysed for western blotting. The proteins were confirmed by immunoblotting using an anti-Rps3p antibody. The anti-pgk1p antibody was used as a loading control. (**a**) The BY4741 cells that were grown to the stationary phase in YPD media were reseeded and grown to the early log phase. After cells were treated with each translation inhibition drug such as Cycloheximide (100 μg ml^−1^), Emetine (10 μ[M]{.smallcaps}), Blasticidin S (25 μg ml^−1^), Anisomycin (100 μ[M]{.smallcaps}) or exposed to UV (200 J m^−2^), they were incubated for 1 h. (**b**) The JS143-7D and BY4741 strains were grown to stationary phase in SC media or YPD media. The cells were reseeded into each appropriate media and grown to the early log phase. The media was changed to SC media that lacked Trp and His (tryptophan, histidine depletion), SC media that contained a lower (1/10) or higher concentration of amino acids (10 ×), nitrogen starvation media, SC-His media containing 80 m[M]{.smallcaps} 3-AT, or YPD media that contained 100 ng ml^−1^ rapamycin (Tor kinase inhibition). The incubation time was 1 h, after which the cells were harvested by centrifugation. (**c**) The lysates from the Rps3 or Rps3^K212R^ cells that were exposed to UV stress were analyzed by western blotting with indicated antibodies. The anti-eIF2α\~p antibody was used as a positive control for UV stress. (**d**) The total extracts from the Rps3 and Rps3^K212R^ mutant cells that were exposed to UV stress (+) or not (−) were subjected to centrifugation in a 5\~45% sucrose gradient and analyzed by UV absorbance at 254 nm. The fractions were collected and analyzed by immunoblotting with anti-Rps3p, anti-ubiquitinated Rps3p, and anti-Pgk1p antibodies.](emm2017128f1){#fig1}

![Hel2p is an E3 ligase of ribosomal protein s3. (**a**) The wild-type (wt) and *hel2*Δ strains were grown to early log phase in YPD media, exposed to UV stress (200 J m^−2^) and incubated for 1 h. The whole cell lysates were analyzed by immunoblot with anti-Rps3p, ubiquitinated Rps3p, eIF2α\~p, and Pgk1 antibodies. (**b**) The BY4741 *hel2*Δ strain was transformed with plasmid encoding FLAG (control), FLAG-Hel2p (WT-Hel2), or FLAG-Hel2p^C79A,\ H81A,\ C87A^ (mutation of the RING domain). The cells expressing FLAG, FLAG-Hel2p, or FLAG-Hel2p^C79A,\ H81A,\ C87A^ were grown to the stationary phase in SD (U−) media. The cells were reseeded in SRG (U−) media and then grown to the early log phase. The whole cells were analyzed by immunoblotting with the indicated antibodies. (**c**) The BY4741 *hel2*Δ strains harboring the vectors expressing FLAG or Hel2p-FLAG were grown to the early log phase in SC (H−) media. The cells grown to early log phase were exposed to UV stress (+) or not (−) and incubated for 3 min. The cell lysates (left) or the ribosomes that were purified by ribosome pelleting (right) were confirmed by western blotting with the indicated antibodies. The incubation time after UV stress was 1 h, except in the case of **c**.](emm2017128f2){#fig2}

![Rps3p is deubiquitinated by Ubp3p. (**a**) The wild-type (WT) and *ubp3*Δ strains were grown to the early log phase in YPD media, exposed to UV stress (200 J m^−2^) and incubated for 1 h. **(b**) The BY4741 *ubp3*Δ strain was transformed with a plasmid expressing His~6~ (control), His~6~-Ubp3p (WT-Ubp3), or His~6~-Ubp3p^C469A,\ H861A^ (catalytically inactive allele). The transformed cells were grown to the early log phase in SRG (U−) media for induction. Each cell was exposed to UV irradiation (+) or not (−). The whole cells were analyzed by immunoblotting with the indicated antibodies. (**c**) The indicated strains expressing Ubp3p-HA from its endogenous locus were grown to the early log phase in YPD media. The cells grown to the early log phase were exposed to UV stress (+) or not (−) and incubated for 3 min. The cell lysates (left) or the ribosomes that were purified by ribosome pelleting (right) were confirmed by western blotting with the indicated antibodies. (**d**) The indicated strain containing the *UBP3* deletion was grown to the early log phase in YPD media. The proteins in the total extracts were analyzed by immunoblotting with the indicated antibodies. The incubation time after UV stress was 1 h, except in the case of **c**.](emm2017128f3){#fig3}

![Ubiquitinated Rps3p is regulated byUbc4p, Hel2p and Ubp3p *in vitro.* (**a**) An *in vitro* ubiquitination assay was performed on purified His~6~-tagged E1 (human), Hel2p, Rps3p, Ubp3p, and ubiquitin. The indicated E2 conjugation enzyme was added into the mixtures. The mixtures were then analyzed by immunoblotting with anti-Rps3p and anti-ubiquitinated Rps3p antibodies. (**b**) The wild-type (wt) and *ubc4*Δ strains were grown to the early log phase in YPD media. The cells were exposed to UV stress (+) or not (−) and incubated for 1 h. The whole cell lysates were analyzed by immunoblotting with anti-Rps3p, anti-ubiquitinated Rps3p, anti-eIF2α\~p, and anti-Pgk1p antibodies. (**c**) An *in vitro* ubiquitination assay was performed on purified His~6~-tagged E1 (human), UBCH5b, Hel2p, Rps3p, Ubp3p, and ubiquitin. The Hel2p was added (+) or not (−) into a solution that contained E1, UBCH5b, ubiquitin, and Rps3p (lanes 1 and 2). Ubp3p was added (+) or not (−) into a solution that contained E1, UBCH5b, ubiquitin, Hel2p, and Rps3p. The solutions were analyzed by immunoblotting with anti-Rps3p and anti-ubiquitinated Rps3p antibodies. The Rps3p and ubiquitinated Rps3p are indicated on the right.](emm2017128f4){#fig4}

![Ubp3p-dependent autophagy is indispensable for rapamycin-induced Rps3p mono-ubiquitination. The wild-type (WT), Δ*ubp3* (**a**), Δ*bre5* (**b**), Δ*atg8* (**c**), and Δ*atg7* (**d**) deletion strains were grown to the early log phase in YPD media and then treated with rapamycin for the indicated time. The cells were analyzed by western blotting with anti-Rps3p, eIF2α\~p, Pgk1p, and ubiquitinated Rps3p antibodies. (**e**) The strains with Ubp3p-HA that was reintroduced at its endogenous locus were grown to the early log phase in YPD media and exposed to UV stress or treated with rapamycin for the indicated time. The whole cell lysates were immunoprecipitated with the Rps3p antibody. The immunoprecipitates were analyzed by western blotting with the indicated antibodies. The arrow denotes mono-ubiquitinated Rps3p, while the asterisk denotes a non-specific band.](emm2017128f5){#fig5}

![RNF123 and USP10 are implicated in the status of human RPS3 mono-ubiquitination. (**a**) The HT1080 cells were treated with various translational inhibitors, including 50 μg ml^−1^ cycloheximide, 20 μg ml^−1^ blasticidin S, 2 μg ml^−1^ DON, 2 μg ml^−1^ anisomycin, 150 J m^−2^ UV, 5 μ[M]{.smallcaps} pactamycin, 50 μg ml^−1^ G418, 50 μg ml^−1^ puromycin, 50 μg ml^−1^ hygromycin B, and 20 μ[M]{.smallcaps} emetine for 2 h. The cell lysates were subjected to immunoblot analysis using the indicated antibodies. (**b**) The HT1080 cells stably expressing the Flag-RPS3 wild-type or the K214R mutant were UV-irradiated (200 J m^−2^), harvested after 2 h and subjected to immunoblotting with anti-RPS3 or anti-Flag antibodies. (**c** and **d**) The HT1080 cells were transfected with siRNAs against RNF123 or USP10, treated with 150 J m^−2^ of UV irradiation and harvested after being incubated in fresh media for 2 h. The lysates were assayed by immunoblotting with the indicated antibodies. (**e**) The UV-irradiated HT1080 cells were incubated for the indicated times, followed by ultracentrifugation with a 20% sucrose cushion to isolate the ribosomal pellets. Each cell lysate and ribosomal pellet were subjected to immunoblot analysis using the indicated antibodies. (**f**) The HT1080 cells stably expressing the Flag-RPS3 wild-type or the K214R mutant were transfected with RPS3 5'-UTR siRNA. After 48 h, these cells were treated (or not) with 150 J m^−2^ UV and incubated for 15 min. Each cell lysate was ultracentrifuged with a 20% sucrose cushion to isolate the ribosomal fraction. Each cell lysate and ribosomal fraction were separated by SDS--PAGE and subjected to immunoblot analysis using the indicated antibodies. SDS--PAGE, SDS--polyacrylamide gel electrophoresis; UTR, untranslated region.](emm2017128f6){#fig6}

![Mono-ubiquitination of Rps3p is responsible for cell viability and apoptosis. (**a**) Serial dilutions of the WT or Rps3p^K212R^ mutant cells were spotted onto solid YPD media (lower). Serial dilutions of the WT or Rps3p^K212R^mutant cells that were exposed to UV stress were spotted onto solid YPD media (upper). The plates were incubated for 2 days at 30 °C (**b** and **c**). The HT1080 cells stably expressing the Flag-RPS3 wild-type or the K214R mutant were transfected with RPS3 5'-UTR siRNA. After 48 h, these cells were irradiated (or not) with 150 J m^−2^ UV. (**b**) Subsequently, these cells were labeled with ^35^S-Met/^35^S-Cys (250 μCi per ml) for 15 min. Each cell lysate and ribosomal pellet were then subjected to immunoblot analysis using an anti-ubiquitin antibody (left). To detect the poly-ubiquitinated nascent polypeptides, immunoprecipitation with an anti-ubiquitin antibody was performed for ribosomal pellets, as described in 'Materials and Methods,' and subjected to autoradiography (right). (**c**) The UV-irradiated cells were incubated for 8 h, harvested, lysed, and analyzed by immunoblotting with the indicated antibodies. UTR, untranslated region.](emm2017128f7){#fig7}

###### *S. cerevisiae* strains used in this study

  *Strain*                                   *Relevant genotype*                                                                          *Source*
  ------------------------------------------ -------------------------------------------------------------------------------------------- ---------------
  BY4741                                     MATa, *his3-Δ1*, *leu2-Δ0*, *met15-Δ0*, *ura3-Δ0*                                            Clontech
  Rps3                                       As BY4741 except *rps3*::*RPS3-URA3*                                                         In this study
  Rps3^K212R^                                As BY4741 except *rps3*:: *RpS3*^*K212R*^*-URA3*                                             In this study
  BY4741 Δ*hel2*                             As BY4741 except *hel2*::*kanMX*                                                             Clontech
  BY4741 Δ*hel2* FLAG                        BY4741 Δ*hel2*+pYES2-FLAG                                                                    In this study
  BY4741 Δ*hel2* FLAG-HEL2                   BY4741 Δ*hel2*+pYES2-FLAG-HEL2                                                               In this study
  BY4741 Δ*hel2* FLAG-HEL2^C79A,H81A,C87A^   BY4741 Δ*hel2*+pYES2-FLAG- HEL2^C79A,H81A,C87A^                                              In this study
  BY4741 Δ*hel2* Rps3 FLAG                   As BY4741 Δ*hel2* except *rps3*::*RPS3-URA3*+pESC-his-hel2~promoter~-FLAG                    In this study
  BY4741 Δ*hel2* Rps3 Hel2-FLAG              As BY4741 Δ*hel2* except *rps3*::*RPS3-URA3*+pESC-his-hel2~promoter~-HEL2-FLAG               In this study
  BY4741 Δ*hel2* Rps3^K212R^ FLAG            As BY4741 Δ*hel2* except *rps3*::*RPS3*^*K212R*^*-URA3*+pESC-his-hel2~promoter~-FLAG         In this study
  BY4741 Δ*hel2* Rps3^K212R^ Hel2-FLAG       As BY4741 Δ*hel2* except *rps3*:: *RPS3*^*K212R*^*-URA3*+pESC-his-hel2~promoter~-HEL2-FLAG   In this study
  BY4741 Δ*ubp3*                             As BY4741 except *ubp3*::*kanMX*                                                             Clontech
  BY4741 Δ*ubp3* His~6~                      BY4741 Δ*ubp3*+pYES2-His~6~                                                                  In this study
  BY4741 Δ*ubp3* His~6~-Ubp3                 BY4741 Δ*ubp3*+pYES2- His~6~-UBP3                                                            In this study
  BY4741 Δ*ubp3* His~6~-Ubp3^C469A,H861A^    BY4741 Δ*ubp3*+pYES2- His~6~-UBP3^C469A,H861A^                                               In this study
  BY4741 Ubp3-3HA Rps3                       As Rps3 except *ubp3*::*UBP3-3HA-HIS3*                                                       In this study
  BY4741 Ubp3-3HA Rps3^K212R^                As Rps3^K212R^ except *ubp3*::*UBP3-3HA-HIS3*                                                In this study
  BY4741 Δ*ubp3* Rps3                        As BY4741 Δ*ubp3* except *rps3*::*RPS3-URA3*                                                 In this study
  BY4741 Δ*ubp3* Rps3^K212R^                 As BY4741 Δ*ubp3* except *rps3*:: Rps3^K212R^*-URA3*                                         In this study
  BY4741 Δ*ubc4*                             As BY4741 except *ubc4*::*kanMX*                                                             Clontech
  JS143-7D                                   MATa, *leu2-3.112*, *trp1-Δ1*, *ura3-52*                                                     Our stock
  BY4741 Δ*bre5*                             As BY4741 except *bre5*::*kanMX*                                                             Clontech
  BY4741 Δ*atg7*                             As BY4741 except *atg7*::*kanMX*                                                             Clontech
  BY4741 Δ*atg8*                             As BY4741 except *atg8*::*kanMX*                                                             Clontech
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